Abstract-We measured the timing resolution of 189 R9800-100 photomultiplier tubes (PMTs), which are a SBA (Super Bialkali, high quantum efficiency) variant of the R9800 high-performance PMT manufactured by Hamamatsu Photonics, and correlated their timing resolutions with various measures of PMT performance, namely Cathode Luminous Sensitivity (CLS), Anode Luminous Sensitivity (ALS), Gain times Collection Efficiency (GCE), Cathode Blue Sensitivity Index (CBSI), Anode Blue Sensitivity Index (ABSI) and dark current. The correlation results show: (1) strong correlations between timing resolution and ALS, ABSI, and GCE; (2) moderate correlations between timing resolution and CBSI; and (3) weak or no correlations between timing resolution and dark current and CLS. The results disclosed that all three measures that include data collected from the anode (ALS, ABSI, and GCE) affect the timing resolution more than either of the two measures that only include photocathode data (CBSI and CLS). We conclude that: (1) the photocathode Quantum Efficiency (QE) and the product of the Gain and the Collection Efficiency (GCE) are the two dominant factors that affect the timing resolution, (2) the GCE variation affects the timing resolution more than the QE variation in the R9800 PMT, and (3) the performance depends on photocathode position.
I. INTRODUCTION
T HE R9800 is a high-speed, compact (2.54 cm in diameter, 55 mm in length), head-on Photomultiplier Tube (PMT) from Hamamatsu Photonics. It has only 8 dynode stages, compared to 10-12 stages in typical PMTs. In addition, a linear focused dynode structure is implemented to shorten the electron paths and their path length variation. Therefore, the R9800 has a very short transit time (11 ns) and transit time jitter (270 ps) [1] . The normal R9800 has a Quantum Efficiency (QE) of about 28% between approximately 400 and 420 nm, and it is also offered in an SBA (super bialkali) version that has about 15% higher QE. All of these features make the R9800 a good choice for Time-of-Flight Positron Emission Tomography (TOF PET) detectors [1] - [4] . This study is to evaluate the timing properties of the SBA variant of the R9800 PMT and to study its correlations with various measures of PMT performance. To understand the PMT timing performance, we group its active components into two parts: the photocathode and the electron multiplier (dynodes and anode). The photocathode emits photoelectrons when it is excited by incident light. The QE is defined as the ratio of the number of photoelectrons emitted from the photocathode to the number of incident photons. The emitted photoelectrons are collected and amplified by dynodes. The Collection Efficiency (CE) is defined as the ratio of the number of photoelectrons that undergo full amplification (and are collected by the anode) to the number of emitted photoelectrons. According to a model developed by Hyman [5] , [6] , the timing resolution of a PMT is inversely proportional to the square root of the number of collected photoelectrons [7] - [9] , which is effectively the product of the quantum efficiency and the collection efficiency. Therefore, the PMT timing resolution should have a strong correlation with measures of QE and CE.
II. METHODS

A. Detector Modules
We have developed a single-ring "demonstration" TOF PET camera using 192 detector modules (we only measured 189 modules because 3 of them are broken) based on LSO crystals and the SBA (Super Bialkali, high QE) variant of the Hamamatsu R9800 high-performance PMT. In that system the LSO crystals ( in size) were side-coupled on the PMT to minimize the propagation time of the scintillation light from the interaction point to the photocathode (Fig. 1) [3] .
B. Crystal-to-Crystal Variance
The variations in timing resolution among the detector modules can depend on the properties the individual LSO scintillator crystals. Therefore, we tested 626 LSO scintillator crystals (of which 384 were used to construct the camera) to evaluate the crystal-to-crystal variance of the timing resolution using NIM electronics. In order to minimize variations due to the reflector, "nude" crystals (i.e., without the white reflector layers) are directly placed on the same PMT without optical coupling compound, and a jig is used to ensure that they all placed in the same position on the PMT face. The bias voltage was 1300 V and the reference detector was an H-6531 PMT with a 1 cm cube of [3] .
U.S. Government work not protected by U.S. copyright. Fig. 1 . Photograph of the detector module. Two LSO crystals ( in size) are side-coupled on one PMT (2.54 cm in diameter). The five sides of crystals that are not coupled to the PMT are covered with a white reflector. The reflector on the face that is opposite the PMT has a 6 mm diameter semicircular hole in it that is used for crystal decoding. The results (Fig. 2) show that the relative standard deviation of the timing performances of the 626 crystals is only 3% rms, while in Section III-A we will show that the detector module to detector module variation is 8.8% rms. We therefore conclude that the timing resolution variation in the detector modules is not caused by the scintillator crystals.
C. Bias Voltage
An active voltage divider circuit (Fig. 3 ) is used to distribute high voltage between the cathode, 8 stages of dynodes and the anode.
Before characterizing timing performance of all 189 PMTs, we tested 6 pairs of PMT modules with voltages ranging from 1200 V to 1500 V using NIM electronics. The average and rms of the measurements are shown in Fig. 4 . Student t-test was performed to evaluate the significance of the differences between Timing Resolutions (TRs) under different bias voltages. The results show that: (1) TR1100V and TR1200V are significantly worse than TR1300V, TR1400V and TR1500V ( ); (2) the differences between TR1300V, TR1400V and TR1500V are very small ( ) and not significant ( ). Therefore, we measured the timing performances of all detector modules with a bias voltage of 1300 V.
D. Read-Out Electronics
These detector modules are read out by twenty-four customdesigned front-end boards, each containing high performance constant fraction discriminator (CFD) and a CERN HPTDC [10] to measure the time of the events. The CFD delay was 1.7 ns and the fraction was 0.2. The CERN HPTDC was set at high resolution mode with a time resolution of 25 ps. A Siemens Cardinal coincidence controller unit with custom-designed FPGA firmware was used to detect coincidence events and upload list mode data to a host PC. Energy windows were set at the full width 20% maximum of the 511 keV photopeaks for each detector module.
E. Measurement of Timing Performance
We firstly made the coincident timing resolution measurement for module-module combinations using an orbiting point source. To extract the timing resolution for each module, we assume the resolution for any detector pair is given by the quadrature sum of the individual resolutions of the two modules and the electronics. (1) where and are the timing resolution of detector modules and ( , , , ). and ( , ) are the timing resolution of the two front-end electronics connected to detector modules and . Those contributions of each of the 24 front-end electronics boards (79 ps ps rms) were measured using a test pulse signal.
Note that each PMT is coupled to two LSO crystals in this single-ring TOF PET camera. For each and combination, there are four measurements. A dataset from a module-module combination is valid for timing resolution computation only when there are two distinctly separated peaks in the spectrum of time difference (the source orbit intersects each chord in two positions, and they must be separated by a large enough distance to resolve the peaks). Gaussian fitting was applied to the spectrum to estimate Full Width at Half Maximum (FWHM) for those two peaks. There are a total of 17,100 valid coincidence timing resolution values with an average coincidence timing resolution of 325 ps ps (rms). The (square of the) individual timing resolution of each module was extracted using Least Squares Estimation (LSE).
F. Measures of PMT Performance
The manufacturer provided four measures of performance for each PMT: cathode luminous sensitivity, anode luminous sensitivity, cathode blue sensitivity index and dark current. According to the information provided by the manufacturer, cathode luminous sensitivity and anode luminous sensitivity were measured with a tungsten filament lamp operated at 2856 K. Cathode blue sensitivity index was measured with a Corning CS 5-58 blue filter, half stock thickness. Dark current was measured with a bias voltage of 1300 V. According to the manufacturer, the measurement error for the cathode luminous sensitivity and cathode blue sensitivity is around , while the measurement error for the anode luminous sensitivity and anode dark current is around . In theory, PMT timing resolution should have a strong correlation with CE, and no correlation with gain. However, it is difficult to measure CE and gain separately. We therefore computed the product of Gain times Collection Efficiency (GCE) using Anode Luminous Sensitivity (ALS) and Cathode Luminous Sensitivity (CLS):
(2) In addition, we computed Anode Blue Sensitivity Index (ABSI) using Cathode Blue Sensitivity Index (CBSI) and GCE:
G. Correlation Analysis
In theory, timing resolution of a PMT is inversely proportional to the square root of the number of collected photoelectrons. To verify that, we evaluated the correlation between the timing resolutions and cathode luminous sensitivity, anode luminous sensitivity, gain times collection efficiency, cathode blue sensitivity index, anode blue sensitivity index , dark current and one over the square root of all six measures using Pearson product-moment Correlation Coefficients (PCCs) [11] . PCC values can range from to 1, with 1 and indicating a perfect positive correlation and a perfect negative correlation respectively. We expect negative PCCs between timing resolution and measures related to the number of collected photoelectrons, and positive PCCs between timing resolution and one over the square root of them.
III. RESULTS
A. Timing Resolution
The timing resolution of the 189 detector modules is 233.8 ps ps rms (Fig. 5) , indicating that the relative variation of the timing resolutions of the detector modules is about 8.8% rms.
B. Cathode Luminous Sensitivity and Cathode Blue Sensitivity Index
The cathode luminous sensitivity of 189 PMTs is ( Fig. 6(a) ). The correlation between timing resolution and is weak ( , Fig. 6(b) . The cathode blue sensitivity index of 189 PMTs is ( Fig. 7(a) ). The correlation between timing resolution and is moderate ( , Fig. 7(b) . The cathode blue sensitivity index and cathode luminous sensitivity are measures of the photocathode QE for blue light and for a wide wavelength range respectively. As such, we expect a strong correlation and a linear relationship between the timing resolution and the inverse square root of the QE measures. As the scintillation light from LSO is blue, we also expect a stronger correlation between timing resolution and cathode blue sensitivity index than between timing resolution and cathode luminous sensitivity. The results are reasonably consistent with our expectations-significant correlations are observed and the correlation with cathode blue sensitivity index is stronger than the correlation with cathode luminous sensitivity. However, neither correlation is as strong as we had anticipated.
C. Anode Luminous Sensitivity and Anode Blue Sensitivity Index
The anode luminous sensitivity of 189 PMTs is ( Fig. 8(a) ). The correlation between timing resolution and is strong ( , Fig. 8(b) . The anode blue sensitivity index of 189 PMTs is ( Fig. 9(a) ). The correlation between timing resolution and is strong ( , Fig. 9(b) . The anode luminous sensitivity and anode blue sensitivity index are each the product of three components: a measure of the QE (for a wide and narrow range of wavelengths respectively), the CE, and the gain. As the first two of these factors are both expected to correlate with timing resolution, we again expect linear behavior with the inverse square root of these measures, and we expect the correlation with anode luminous sensitivity to be weaker than with anode blue sensitivity index because the LSO light is blue. Again, the measurements are consistent with these expectations.
Based on conversations with the manufacturer, we expect that the collection efficiency will be nearly constant ( variation [12] ) for all 189 PMTs. We also expect that the timing resolution will be independent of the gain in the dynode string, but there will be significant (factor of up to 4, according to the manufacturer [12] ) PMT to PMT differences in gain. If these expectations are both true, then the strength of the anode luminous sensitivity correlation should be less than the strength of the cathode luminous sensitivity correlation, as the QE factors should be identical, the CE factors should be essentially constant, and there will be large gain variations (which affect the anode luminous sensitivity but not the timing resolution). Similarly, the strength of the anode blue sensitivity index correlation is expected to be less than the strength of the cathode blue sensitivity index correlation. However, the strength of both the anode luminous sensitivity and the anode blue sensitivity index correlations is stronger than their cathode analogs.
D. Gain Times Collection Efficiency
The GCE of 189 PMTs is ( Fig. 10(a) ). The correlation between timing resolution and is strong ( , Fig. 10(b) . Because the GCE is the product of the collection efficiency (which should correlate with timing resolution but be essentially constant across PMTs) and gain (which should not correlate with timing resolution, but should vary significantly across PMTs), our expectation was that there would be only a weak correlation between the timing resolution and the inverse square of the GCE. But we did not observe the expected behavior, as there a strong correlation between GCE and timing resolution. 
E. Dark Current
The dark current of 189 PMTs is ( Fig. 11(a) ). The correlation between timing resolution and dark current is weak ( , Fig. 11(b) . The result is reasonable, as timing resolution is expected to be independent of dark current.
IV. DISCUSSION
We calculated the PCCs between timing performance and various measures of PMT performance, including Cathode Luminous Sensitivity (CLS), Anode Luminous Sensitivity (ALS), Gain times Collection Efficiency (GCE), Cathode Blue Sensitivity Index (CBSI), Anode Blue Sensitivity Index (ABSI) and Dark Current (DC). PCCs between all measures are also calculated and summarized in shows the PCCs between TR,  ,  ,  ,  , , and . At a high level, the positive PCCs between timing resolution and one over square root of all measures (except dark current) support the theoretical prediction that timing resolution is inversely proportional to the square root of the number of collected photoelectrons. The PCC results are further interpreted in Table II . The interpretations of PCCs are: correlation is strong when , correlation is moderate when , correlation is weak when , and no correlation when . Correlations are marked as irrelevant if one of the factors was used to compute the other factor ( (2)-(3).
Looking first at the top row of Table II (the six PCCs of timing resolution) and ranking them from strongest to weakest correlation, we have anode luminous sensitivity, anode blue sensitivity index, gain times collection efficiency, cathode blue sensitivity index, cathode luminous sensitivity, and dark current. The results disclosed that all three measures that include data collected from the anode (anode luminous sensitivity, anode blue sensitivity index, and gain times collection efficiency) affect the timing resolution more than either of the two measures that only include photocathode data (cathode blue sensitivity index and cathode luminous sensitivity). The physical effects included in the anode measures but not in the cathode measures are the gain and the collection efficiency. The gains of PMTs are expected to have large variations and to have no correlations with the timing resolutions of PMTs, while the collection efficiencies are expected to have small variations and to have strong correlations with the timing resolutions. However, the strong correlation between gain times collection efficiency and timing resolution implies that either timing resolution is correlated with gain, or collection efficiency has a variation large enough to dramatically affect the timing resolution. The assumption that gain does not affect timing resolution is supported by our measurements showing that the timing resolution is unaffected by the bias voltage (Fig. 4) , which would suggest that variation in collection efficiency is the reason why the anode measures of performance correlate strongest with timing resolution. However, there would need to be variations in collection efficiency, which is over 15 times higher than the manufacturer's estimate. Thus, neither explanation is satisfying.
Table II also shows the correlations between the various measures of PMT performance: (1) We expect to see a strong correlation between cathode luminous sensitivity and cathode blue sensitivity index, as these two factors are both measures solely of the quantum efficiency, with the difference being the wavelength range over which the QE is measured. Our measurements confirm these expectations, as we observe the highest correlation value between any two measures, with . (2) We expect anode luminous sensitivity to have moderate to strong correlation with cathode luminous sensitivity, as anode luminous sensitivity is the product of cathode luminous sensitivity and GCE, which are expected to be uncorrelated. This is also observed, with
. (3) The correlation between anode luminous sensitivity and cathode blue sensitivity index is expected to differ from the previous correlation (anode luminous sensitivity vs. cathode luminous sensitivity) only because a slightly different measure is used for the cathode quantum efficiency (cathode blue sensitivity index rather than cathode luminous sensitivity). Thus, its correlation is expected to be only slightly less than the previous measure, and indeed, its measured is only slightly less. (4) The GCE and cathode blue sensitivity index are expected to be uncorrelated, as they are expected to be two independent measures, and indeed their observed . (5) Dark current has weak or no correlations with all the other measures. That also agrees with the expectation that dark current is independent of all other measures.
According to Hyman's theory, timing resolution is also proportional to (where ENF is the Excess Noise The orientation is such that the pin connected to the photocathode is at the left, and when detectors are fabricated (shown in Fig. 1 ), the crystals are mounted such that their long axis is horizontal. A photograph of the PMT face (e) shows a structure centered on the region of relatively poor performance.
Factor)-the higher the ENF, the worse the TR. Therefore, it is possible that the correlation between GCE and TR is a reflection of anti-correlation between ENF and gain. However, we are not able to test this with sufficient accuracy. Another possible explanation is that the performance of the PMT (transit time, QE, CE, gain, TR and etc.) may vary across the face of the PMT, possibly in a systematic way because of the PMT dynode geometry. We measured the PMT surface uniformity of 5 PMTs by scanning (in 1 mm steps) a 1 mm diameter spot from a pulsed laser (650 nm wavelength, 100 ps fwhm width, and an amplitude per pulse of approximately 50% of that produced by a 511 keV interaction in LSO) across the photocathode. At each position, we measure the relative transit time, the timing resolution, and the anode luminous sensitivity. We also measure the local cathode luminous sensitivity by increasing the amplitude and repetition rate of the light from the pulsed laser, electrically connecting the first four dynodes of the PMT together, biasing these four dynodes with respect to the cathode, and measuring the DC photocathode current with a picoammeter. The results from one of the PMTs are shown in Fig. 12 .
The experimental results show that none of the four measures are uniform across the PMT surface. The patterns of non-uniformity of the 5 PMTs are similar but not identical. The transit time differences across the PMT face ( Fig. 12(a) ) are relatively small (virtually all positions are within ), suggesting that position-dependent transit time variations are not responsible for timing degradation. However, all PMTs show relatively low Cathode Luminous Sensitivity (Fig. 12(b) ), low Anode Luminous Sensitivity (Fig. 12(c) ), and relatively poor timing resolution ( Fig. 12(d) ) in a region centered midway vertically (with the orientation shown in Figs. 1 and 12(e) and slightly to the right of center horizontally, which overlaps almost completely with the scintillator crystal array. Although the center of this region of poorer timing resolution remains in approximately the same position, its 'diameter' and magnitude depends on the PMT, and it thus seems likely that the timing resolution of the module will depend on the details of the performance this region. The region of degraded performance is above a hole in a focusing structure that leads to the dynodes (Fig. 12(e) ), suggesting that this region may have reduced collection efficiency.
It is also possible that the correlation between gain and timing resolution is caused by photoelectrons skipping the first dynode, as that those electrons would have both lower gain and a different transit time than those that didn't skip. That might explain the "hole" in anode luminous sensitivity map (shown in Fig. 12(c) . However, if dynode skipping was the only reason, the cathode sensitivity map would be more uniform than that shown in Fig. 12(b) . In addition, we should be aware of the fact that the SBA photocathode has very different sensitivity for red light used in PMT surface scanning and blue light generated by LSO.
V. CONCLUSION
The results support the theoretical prediction that timing resolution is inversely proportional to the square root of the number of collected photoelectrons. QE and GCE are the two dominant factors that affect the timing resolution.
As the manufacturer expected the collection efficiency to be constant within for all 189 R9800 PMTs, we were puzzled to see a strong correlation between timing resolution and Gain times Collection Efficiency (GCE). However, both our measurements and strong theoretical arguments suggest that gain is not correlated with timing resolution. Also, it is possible that the correlation between GCE and TR is a reflection of anti-correlation between ENF and gain, but we are unable to test this hypothesis.
The results also show that the correlation between timing resolution and GCE ( ) is stronger than that of timing resolution and cathode blue sensitivity index ( ). As cathode blue sensitivity index is a measure of QE for blue light, we conclude that variations in the product of the gain and the collection efficiency affects the timing performance more than the quantum efficiency variation for the SBA variant of the R9800 PMT. We observe that a portion of the photocathode surface that is over a hole in the focusing electrode has a much lower Cathode Luminous Sensitivity and Anode Luminous Sensitivity than the rest of the photocathode, and that the magnitude of the degradation varies from PMT to PMT. This suggests that PMT to PMT variation in Collection Efficiency may be a contributing factor to the timing resolution in these PMTs.
